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A Kerr electro-optical technique, which permits observation and analysis of high intensity electric 
fields in nitrobenzene-filled Kerr cells, is described. Two-dimensional visual images, similar to those 
achieved in photoelastic-mechanical stress analysis, of the field distribution are afforded by the fringe 
pattern produced by the Kerr effect when high direct voltages are applied to the cell. Analysis of the 
field profile, by measurement of the fringe positions, permits calibration of the system for measurement 
of high voltage pulses. The Kerr constant of the liquid and space-resolved determinations of relative 
field strength, actual field strength (in volts per centimeter), and potential are also derived. 
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1. Introduction 

The present study was conducted in order to deter- 
mine the distribution and relative intensity of the elec- 
tric field imposed by application of high direct voltage 
across the electrodes of nitrobenzene-filled Kerr cells, 
"our ultimate goal being the development of methods 
for accurate calibration of Kerr-type high-voltage 
pulse-measuring systems [l]. 1 Except for edge effects, 
the electric field between parallel-plate electrodes 
should be uniform in intensity, directly proportional 
to the applied voltage, and inversely proportional to 
the interelectrode distance. If these conditions were 
actually achieved, the Kerr pulse-measuring technique 
would be straightforward, and calibrations of the sys- 
tem could be achieved by both direct- and pulse- 
voltage divider techniques [2]. However, it is evident 
from the literature [3] that the field between high volt- 
age electrodes immersed in a dielectric liquid is often 
distorted by the presence of free charges in the liquid, 
under both dc and pulse conditions. Since these so- 
called "space charges" are believed to be either ionic 
impurities present in the liquid before imposition of 
the field or ions formed in consequence of the field, it 
would seem that field distortion effects might be re- 
duced by using ultra-pure liquids in the Kerr cell. 
Although liquids of adequate purity are not available 
commercially, several sophisticated methods for 
achieving a high-degree of purity have been reported 
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[4-10]. However, in spite of use of several of the more 
effective purification techniques, recent studies [2, 
11-13] indicate continued distortion in the field dis- 
tribution, particularly when high-intensity d-c fields 
(> 15 kV/cm) are applied. 

This paper reports development of a method for 
high direct-voltage calibration of Kerr systems suitable 
for measuring pulses peaking as high as 100 kV in 
spite of nonuniformity in the interelectrode field due 
to space charge effects. In addition to achievement of 
this immediate goal, the experimental techniques em- 
ployed are believed to be unique in that they permit 
direct observations, similar to those achieved in photo- 
elastic mechanical-stress analysis, of the behavior of 
distorted high-intensity electrostatic fields between 
electrodes immersed in a dielectric liquid. In the pres- 
ent work, the Kerr cells were filled with nitrobenzene. 
However, it is evident that other dielectric liquids 
with reasonably high Kerr constants may be studied 
by applying higher voltages and adjusting the cell 
geometry. 

Unlike earlier methods [2, 14^16], the present 
technique provides the following advantages: (1) It 
permits direct observation of the two-dimensional 
field distribution. The regions subject to greatest 
electrical stress, where breakdowns are more likely 
to occur, may therefore be detected by direct observa- 
tion. This advantage has not, to the authors' knowl- 
edge, been fully utilized in earlier Kerr effect measure- 
ments* of this type, perhaps because voltages of 
sufficient magnitude and/or electrodes of suitable 
length were not employed. (2) It enables determination 
of field strength (in volts per centimeter) and potential. 



Such measurements were often achieved in earlier 
work [13, 17] by inserting potential probes in the 
liquid. The present Kerr electro-optical technique 
avoids the disturbing influence of the probes. (3) These 
values may be determined, with any given high direct 
voltage applied, from a single photograph of the light 
transmitted by the interelectrode area. Point by 
point measurements of the transmitted light intensity 
are not required. Measurement resolution increases 
with the magnitude of the applied field. (5) Use of a 
laser light source allows simplicity in the optical system. 

2. Apparatus and Procedure 

The experimental setup is shown schematically in 
figure 1. A laser beam is passed through and along the 
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FIGURE 1. The Kerr electro-optical system with laser source and 
recording photographic film. 

length of a Kerr cell, equipped with parallel-plate 
nickel electrodes and filled with high purity nitro- 
benzene. The cell is installed between two polarizers. 
The first polarizer is oriented so that the laser light 
entering the cell is linearly polarized at an angle of 
45° with respect to the parallel surfaces of the elec- 
trodes. The second polarizer (the analyzer) is "crossed" 
with respect to the first, so that initially no light is 
passed by the system. When voltage is applied across 
the Kerr cell, the imposed electric field induces bire- 
fringence in the nitrobenzene. Thus, when light 
passes between the electrodes of the cell, its state of 
polarization is altered by the action of the electric 
field, producing the so-called Kerr effect [18]. 

Measurement of the intensity of the light transmitted 
by the analyzer has long been used for study of elec- 
tric fields in dielectric liquids which become bire- 
fringent in the presence of an electric field. Moller 
[19], who determined the field distribution by photo- 
metric scanning of the light transmitted by the inter- 
electrode area, was among the first to report its use 
for this purpose. In later works [7, 11, 15, 20-23] 
retardation plates and compensators were inserted 
in the light path, in order to make photographic re- 
cording of the field distribution more feasible. In some 
cases, collimating lenses and filters, which restricted 
the radiation passed to very narrow wavelength re- 
gions, were also included. Since nonmonochromatic 



light sources were used, the filter served to reduce 
errors resulting from the wavelength dependence of 
the Kerr constant [15]. 

In the present work, the latter difficulty is avoided 
by using a laser source (continuous-wave helium-neon, 
wavelength 632.8 nm). Lenses are used to expand and 
collimate the 2.5 mm beam diameter to 50 mm. A 
pinhole aperture is inserted at the focal point of the 
expanding lens to eliminate spatial noise and thereby 
produce a smooth intensity profile across the col- 
limated beam. These components are housed in a beam 
expanding telescope attachment affixed to the laser. 
Except for the laser and this attachment, the Kerr 
system is simple and conventional. As voltage is ap- 
plied to the cell, the distribution of the electric field 
over the entire interelectrode area is observed directly 
by viewing the alternate bright and dark bands or 
fringes produced by the Kerr effect on a translucent 
paper or ground glass screen inserted in the path of 
the light transmitted by the analyzer. Permanent, 
full-scale images of the electrodes and of the field- 
induced fringes may be recorded photographically for 
precise measurement purposes. A negative lens may 
be inserted between the analyzer and the photo- 
graphic plate or film to obtain an enlarged image. This 
procedure is especially useful for direct viewing of the 
field between closely spaced (< 1 cm) electrodes. The 
results shown in figures 2-7 were obtained using neu- 
tral density filters which transmitted 1 to 25 percent of 
the light transmitted by the analyzer. Exposure times 
ranged from 1 to 10 s. 

3. Analysis of the Electric Field 

The intensity / of the light transmitted by the 
analyzer upon application of voltage to the Kerr cell 
is related to the strength E of the imposed field as 
follows [1, 2,25]: 
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where I m is the maximum light intensity transmitted 
by the system, and E m is the electric field strength 
which produces the first transmission maximum. 
Thus, if the field is uniform, the light intensity trans- 
mitted by the analyzer will change uniformly over the 
entire interelectrode area as the voltage across the 
cell is changed. When the imposed field E = E m , the 
first transmission maximum will be observed. As the 
voltage is increased further, transmission will decrease 
until E=v2 E m . At this point (the first transmission 
minimum), the entire interelectrode region will be 
dark on the viewing screen. With further increases 
in voltage, the transmitted light intensity will continue 
to oscillate between maximum and minimum transmis- 
sion points, the interelectrode area observed on the 
viewing screen being brightest when E = E m , v3 E m , 
VS E m , etc., and darkest when E= 0, V2 E m , 2E m , etc. 
However, if the electric field is nonuniform, as is 
often the case when high direct voltages are applied 



across electrodes immersed in a dielectric liquid 
[3, 12, 19], the intensity of the light transmitted by 
the analyzer will vary with the average local field 
strength along the length of each light path through the 
liquid according to eq (1). When fields of sufficient 
strength are applied, the Kerr effect will produce ex- 
treme variations (alternate bright and dark bands), 
similar to those observed by Mueller [26] under low 
ac-field conditions, in the light intensity transmitted 
over the interelectrode area. 

The photographs in figure 2 were taken using the 
Kerr system described above with the indicated high 
direct voltages applied across a nitrobenzene-Kerr 
cell having parallel plat^ electrodes (dimensions: 
1.5 cm X 10 cm X 0.2 cm) and interelectrode spacing 
d=\ cm. As the voltage was increased, alternate bright 
and dark fringes appeared, thus permitting direct 
observation of the profile of the electric field across 
the width of the interelectrode area. 2 Regions where 

2 Errors in the profile due to the fringing fields at the end edges of the electrodes are 
believed to be small if the interelectrode distance is small compared with the length of the 
electrodes. 



the field distortion is greatest are evidenced by con- 
centrations of a greater number of fringes. The photo- 
graphs of figure 2 show immediately that the field in 
this cell is most intense and very nonuniform at the 
edges of the electrodes. Since the existence of fring- 
ing field edge effects is well known, some distortion 
was expected in these regions. However, the distortion 
indicated by the fringes appearing in the central inter- 
electrode area, which is attributed to space charge 
effects, is difficult to predict. Further, the fringes indi- 
cate that the interelectrode field in this cell is stronger 
near the electrodes and weaker in the region midway 
between them. It may also be noted that the inter- 
electrode field is more intense near the cathode when 
voltages lower than 32,000 V are applied. At higher 
voltages, the greater number of fringes at the anode 
indicates that the interelectrode field is more intense 
near the anode. 

In the present work, successive numerical values 
were assigned to each successive bright (n= 1, 3, 5, 
etc.) and dark (rc — 2, 4, 6, etc.) band as it appeared 
in consequence of the increasing voltage, according to 
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FIGURE 2. Photographs showing dark fringes (minimum transmission bands) produced by Kerr effect when high direct voltages are applied 

to a nitrobenzene Kerr cell (d = 1 cm). 



the convention described in our earlier work [2]. The 
dark fringes recorded in the last photograph of figure 2, 
with 37,390 volts applied to the cell, are numbered in 
this manner in figure 3. As the voltage was increased, 
the first dark fringes to appear at each electrode are 
assigned the value n = 2, the second to appear n = 4, 
and so on. As may be seen from figure 2, the fringes 
appeared initially at each electrode, moved away from 
their respective electrodes toward the center of the 
cell where they merged, then divided and moved off 
to the outer perimeter of the Kerr cell wall. 



The relative field strength (E/E m ) along the equifield 
line delineated by the brightest and darkest points, 
where (I/I m ) — 1 and (I/I m ) = 0, respectively (see 
eq (1)), of each bright and dark band is related to the 
assigned n value as follows [2] : 
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If a voltage high enough to produce several (five or 
more) dark fringes in the interelectrode area is applied, 







Figure 3. 



Enlarged photograph with numerical values assigned to the equifield lines delineated by the dark fringes. 

Applied voltage = 37,390 V. 
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the relative field strength (E/E m ) may be plotted as a 
function of distance (from one of the electrodes) 
simply by measuring the positions of the dark fringes. 
Quantitive measurements of the transmitted light 
intensity were found to be unnecessary. The curves 
in figure 4, which show the relative field strength 
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FIGURE 4. The nonuniform electric field distributions and average 
relative field strengths (E'/E m ) as determined from measurements 
of fringe positions with various voltages applied. 



(E/E m ) as a function of distance (from the anode), 
with three different voltages applied to the cell, were 
plotted in this manner using three of the photographs 
in figure 2. The fringe positions, indicated by the points 
on the curves, were determined from measurements 
made by several methods: (1) by tracing and measuring 
the position of enlarged projections of the dark fringes 
and electrodes on fine-scale graph paper, (2) by meas- 
uring their positions on enlargements of the original 
photograph with a millimeter scale, and (3) from micro- 
densitometer measurements of the position of the 
darkest point in each fringe on transparent film. 

Similar photographs showing the electric field dis- 
tribution imposed by different voltages in a nitro- 1 
benzene Kerr cell having 12 cm long parallel electrodes 
and interelectrode spacing d=2.76 cm are given in 
figure 5. .In this cell, the field distortion is more pro- 
nounced. If the photographs are viewed in sequence 
with the increasing applied voltage, it is also evident 
that the behavior of the field differs from that observed 
in the 1 cm cell. In this case, numerous dark fringes 
appeared in sequence at the cathode and moved across 



the interelectrode distance as the voltage was in- 
creased. As the first dark fringe (n = 2) moved near 
the anode, it divided into three sections, two of which 
moved off to the outer perimeter of the cell. The other 
section moved into the anode. Although voltages 
higher than 70 kV were not applied in the present 
work, we anticipate that this behavior would continue 
as the voltage is increased. Since the electrode spac- 
ing is believed to be the principal difference between 
this cell and the 1 cm cell, the evident contrast in their 
field distributions cannot as yet be fully explained. 
Further work investigating this and the extent of fring- 
ing field errors is now in progress. 

The relative strength (EIE m ) of the electric field in 
the 2.76 cm cell, as determined from measurements of 
the positions of the dark fringes in the photograph (in 
fig. 5) taken with 65,920 V applied, is plotted as a 
function of distance from the anode in figure 6. The 
enlarged photograph used for these measurements, 
with successive numerical values assigned to the 
fringes as described above, is shown in figure 7. 

4. Calibration of System for Measurement of 
High Voltage Pulses 

The average relative field strength (E'/E m ) imposed 
by an applied voltage V may be determined from the 
relative field distribution measurements by numerical 
integration of the following equation 
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along a central line perpendicular to the inner surfaces 
of the electrodes. 4 (E]E m ) is the relative local field 
intensity read, as a function of normalized position 
(x/d), from the measured field distribution curves 
(e.g., those of figs. 4 and 6). 

Going further, it is evident that (E'/E m ) is the rela- 
tive strength of the uniform field which the applied 
voltage V would impose in a given Kerr cell. One may 
therefore write 



(E m d) 



UJ' 



(4) 



where (E m d) is the voltage required to produce the 
first transmission maximum in a given cell under uni- 
form field conditions. V may be measured to within 
0.01 percent by use of a high-direct-voltage divider 
[24], and (E'/E m ) may be derived as described above. 
Equation (4) therefore permits determination of the 
cell constant (Emd) required in calibration of the Kerr 
system for measurement of high voltage pulses, pro- 
vided, of course, that the fields imposed by the pulses 
to be measured are uniform. 5 At a temperature of 
24 °C, the cell constant of the 1 cm cell used in the 



4 In this central interelectrode region, the field direction is perpendicular to the electrode 
surfaces. 

5 In view of the experimental results of Croitoru [23], assumption of uniformity in the 
pulse field would seem to be reasonable for pulses with duration less than 50 (is. 



present work was found to be 12,530 V. This value 
was averaged from results obtained by measuring the 
fringe positions with different voltages between 26,000 
and 37,000 V applied to the cell. As may be seen from 
table 1, the calculated cell constants were identical 
to within 1 percent. Because of their reproducibility 

Table 1. Comparison of pulse divider calibration [2] with direct 
voltage calibrations of 1 cm Kerr cell 



Pulse Divider 
Calibration 


Direct Voltage Calibrations and Data 


(E m d) 


V 


(E'/Em) 


(E m d) 


Volts 

12,560 


Volts 

26,600 
30,660 
32,000 
33,450 
36,570 


2.129 
2.445 
2.545 
2.677 
2.919 


Volts 

12,500 
12,540 
12,570 
12,500 
12,530 



and close agreement with calibrations achieved by one 
of the pulse divider methods described earlier [2], the 
present calibrations and the measurements used in 
achieving the calibration are believed to be accurate 
to within 1 percent. 

5. Measurement of Other Parameters 

In addition to the above, the field intensity E m (in 
volts per centimeter) which produces the first trans- 
mission maximum in the liquid under study may be 
determined from the following relationship, 
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(5) 



by measurement of the interelectrode distance d. 
V and (E'/Em) are measured as described above. Then, 
since 
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FIGURE 5. Photographs of Kerr effect fringes produced in 2.76 cm nitrobenzene cell at various voltages. 
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B = 
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the Kerr constant B of the liquid may be obtained by 
measurement of the length / of the light path through 
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Figure 6. The electric field distribution between the inner central 
surfaces of the electrodes in the 2.76 cm cell. 

the electric field. Results obtained with the 1 cm cell 
indicate the Kerr constant of nitrobenzene at a tem- 
perature of 24 °C and wavelength of 682.8 nm to be 
about 3 X 10~ 5 esu. Since the distance between the 
electrodes of this cell is small compared with their 
length (10 cm), the errors due to edge effects at the 
ends of the electrodes are believed to be small. An 
end effect correction was therefore not included in 
this calculation. If corrections for the wavelength and 
temperature dependence of B are applied, the deter- 
mined value compares favorably with those reported 
in the literature [15]. 

Further, since the field intensity E m required to 
produce maximum transmission is constant throughout 
the liquid, the local field intensity E x (in volts per 
centimeter) at any point x may be determined from 
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by measuring the fringe positions along the perpen- 
dicular interelectrode line which passes through the 
point. The relative field strength (E/E m ) at the point 
x is then read from the relative field distribution curve 
as described above. Similarly, the potential V x at any 
point x along a line perpendicular to the inner surfaces 
of the electrodes and parallel to the field direction 
may be derived from the local field intensities as 
follows 



V. 
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If such detailed information on the field and poten- 
tial distribution is not required, it is important to note 
that the field intensity profile is mapped directly in 
two dimensions by the dark fringes. Each dark fringe 
n delineates an equifield line of relative intensity 
{EIE m ) n , with (EIE m ) n being known directly from the 
numerical value n by use of eq (2). Then, with E m for 
the liquid being known from eq (5), an actual intensity 
E n in volts per centimeter may be assigned to each 
fringe by substituting these values in eq (7). 

6. Summary and Conclusions 

A technique, which utilizes laser light for Kerr 
electro-optical analysis of the distorted electric field 
imposed when high direct voltages are applied to 
electrodes immersed in some dielectric liquids, has 
been described. The laser beam (50 mm diam) is 
directed between the electrodes so that the entire 
interelectrode area is illuminated. The nonuniform 
distribution of the electric field is immediately evident 
from direct observations of the dark fringes produced 
by the Kerr effect in consequence of the gradients 
in the high-intensity field. Since each fringe de- 
lineates an equifield line of known relative strength 
[(E/E m )=\% 2, Vrj^ etc.], the field strength along 
' each fringe is determined by counting the fringes as 
they appear upon applications of voltages of increasing 
magnitude. 

The cell constant, required in calibration of the sys- 
tem for measurement of those short pulse voltages 
which produce uniform field distributions, is cal- 
culated from the relative field distribution by measure- 
ment of the applied direct voltage. Comparison of 
calibrations derived from these measurements with 
those derived from conventional pulse-divider measure- 
ments indicate that the field measurements are ac- 
curate within 1 percent. The field strength E m which 
produces maximum transmission in the liquid, the 
Kerr constant of the liquid, and the potential at any 
point along lines perpendicular to the electrodes and 
parallel to the field direction are among other param- 
eters which may be derived from photographic records 
of the transmitted fringe pattern. 

The experimental results demonstrate the accuracy 
( — 1%) of the quantitative measurements achieved 
by use of the Kerr technique described here. A further 
(«) advantage appears to be the two-dimensional visual 
image of the electric field distribution afforded by the 
transmitted interelectrode fringe pattern. As in photo- 
elastic mechanical-stress analysis, regions of highest 
electrical stress are evidenced by concentrations of a 
greater number of fringes, thus enabling immediate 
detection of these regions where electrical breakdown 
is more likely to occur. In addition, the technique 
provides a means for direct observation of the influence 
of alterations in the shape and geometry of the cell 
and its electrodes. We anticipate using it for this 
purpose in the near future. Finally, though such ob- 
(8) servations must be made in liquids having reasonable 
Kerr constants and dielectric strengths, the authors 
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hope that the technique described will lead to a better 
understanding of the behavior of high-intensity electric 
fields in other liquid insulants. 
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